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a  b  s  t  r  a  c  t
Numerous  biopharmaceuticals  are  produced  in  recombinant  microorganisms  in the  controlled  envi-
ronment  of a bioreactor,  a  process  known  as Upstream  Process.  To  minimize  product  loss  due to
physico-chemical  and  enzymatic  degradation,  the  Upstream  Process  should  be directly  followed  by
product  puriﬁcation,  known  as  Downstream  Process.  However,  the Downstream  Process  can  be tech-
nologically  complex  and  time-consuming  which  is why  Upstream  and  Downstream  Process  usually  have
to be decoupled  temporally  and  spatially.  Consequently,  the product  obtained  after  the  Upstream  Pro-
cess,  known  as intermediate  bulk, has  to  be  stored.  In  those  circumstances,  a freezing  procedure  is
often  performed  to prevent  product  loss.  However,  the  freezing  process  itself is  inseparably  linked  to
physico-chemical  changes  of the intermediate  bulk  which  may  in turn  damage  the product.H shift
hysico-chemical changes
iopharmaceutical processing
The present  study  analysed  the behaviour  of  a  Tris-buffered  intermediate  bulk  containing  a biophar-
maceutically  relevant  protein  during  a  bottle  freezing  process.  Major  damaging  mechanisms,  like  the
spatiotemporal  redistribution  of  ion concentrations  and  pH,  and  their  inﬂuence  on  product  stability  were
investigated.  Summarizing,  we  show  the  complex  events  which  happen  in  an  intermediate  bulk during
freezing  and explain  the different  causes  for product  loss.
Publis© 2015  The  Authors.  
. Introduction
Numerous industrially and medically relevant molecules are
ecombinantly produced in microorganisms. These bioprocesses
sually comprise a production step in the controlled environment
f a bioreactor, known as Upstream Process, and a subsequent
roduct puriﬁcation step, known as Downstream Process. Since
he Downstream Process can be rather time-consuming involv-
ng several ﬁltration and chromatography steps, it usually has to
e temporally and spatially decoupled from the Upstream Pro-
ess. In these cases, a freezing step of the intermediate product
olution is necessary to ensure long term product stability during
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storage and transport [1]. This freezing step, however, affects the
physico-chemical properties of the intermediate bulk potentially
resulting in product loss. Despite this imminent risk, the freez-
ing procedure is still a rather unexplored process step. Although
studies on single aspects of freezing, like the effect of freezing and
thawing rates, the use of different buffers and the addition of cry-
oprotectives, have been performed [2–6], mechanistic interactions
of these aspects and resulting effects have not been investigated
yet. However, without understanding and considering the complex
interactions during a freezing process, a targeted product-speciﬁc
optimization of the freezing procedure is not possible.
In the present study, we  investigated the following scenario:
a biopharmaceutically relevant protein, the enzyme horseradish
peroxidase (HRP; EC 1.11.1.7; [7–10]), which is currently used in
numerous medical applications [9–11], is extracellularly produced
using recombinant yeast in a bioreactor. At the end of cultivation,
the cell-free cultivation broth containing HRP is diaﬁltrated into
a Tris/HCl buffer system, which describes a common buffer in
industrial practice. At this stage the protein solution is called
intermediate bulk. Since the Downstream Process for HRP is
cumbersome, comprising several steps [12–15], it cannot be
performed directly after diaﬁltration, which is why a freezing
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Composition of the intermediate bulk after diaﬁltration.
Intermediate bulk component Concentration
Product HRP 50.0 mg/l
Residuals from
cultivation
broth
Magnesium 1.62 × 10–3 mol/l
Potassium 1.04 × 10–2 mol/l
Calcium 3.40 × 10–4 mol/l
Sulphate 7.18 × 10−3 mol/l
Phosphate 1.57 × 10–2 mol/l
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Table 2
Concentrated stock solutions of bulk components for stability tests of HRP.
Bulk component Concentration [M]
K2SO4 1.67
MgSO4·7H2O 2.5
CaCl2 5.0
Tris 3.3
(NH4)2SO4 3.3
KH2PO4 1.6
Table 3
Concentrated salt stock solutions for stability tests of HRP. pH values were set
between pH 4.0 and 9.0.
Salt Concentration [M] pH  Check denaturing
effect of
Tris 3.3 6.5a
8.0a
8.8a
Tris
pH value
CaCl2 4.0 4.7 Ca2+ or Cl– ions
KH2PO4 3.6 5.5a PO43− ionsBuffer (0.1 M
Tris/HCl; pH 7.0)
Tris(hydroxymethyl)aminomethane 1.00 × 10–1 mol/l
Chloride 7.25 × 10–2 mol/l
reservation step is required to prevent product loss. However, in
ddition to HRP and contaminating proteins, the intermediate bulk
ontains different components of the yeast cultivation broth, like
alts and trace elements, which might experience concentration
hifts during freezing and thus harm the product. The present study
nvestigates the spatiotemporal redistribution of the dissolved
ntermediate bulk components and consequent pH-shifts during
reezing and resulting effects on the product HRP in the 1 L scale
sing a standard lab freezer.
. Materials and methods
.1. Formulation of the intermediate bulk
The composition of the intermediate bulk was derived from a typical cultiva-
ion medium for Pichia pastoris [16], which is a suitable host for recombinant HRP
roduction [17–21]. After separation of the biomass, the cell-free cultivation broth
as  three times diaﬁltrated with a 0.1 M Tris/HCl storage buffer. The Tris/HCl buffer
ystem is suitable for HRP in terms of buffering capacity and pH range and is thus
ommonly used for processing this enzyme. Subsequently, a quantitative analysis of
he bulk composition was  performed. Table 1 shows the concentrations of all bulk
omponents after diaﬁltration. This medium was  reproduced to perform freezing
xperiments. Residual trace elements were not considered because their concen-
rations were too low to potentially damage the product. For freezing studies, we
dded a commercially available HRP preparation (SIGMA; type VI-A) at a concentra-
ion of 50 mg/l, which is a common concentration at the end of fed-batch production
rocesses [19,20]. With respect to an acceptable degree of complexity, the freezing
tudy was  done without addition of stabilizers or cryoprotective agents.
.2. Characterization of HRP in aqueous solution
.2.1. Enzymatic activity and protein content
The activity of HRP was  determined photometrically using a CuBiAn XC enzy-
atic robot (Innovatis, Germany). Samples (10 l) were added to 140 l of 1 mM
BTS prepared in 50 mM KH2PO4 buffer (pH 6.5). The reaction mixture was  incu-
ated at 30 ◦C and started by the addition of 20 l of 0.075% (v/v) H2O2. Changes
f  absorbance at 415 nm were measured and rates were calculated. Calibration was
one using commercially available HRP as standard (0.02–1.0 U/ml). Protein con-
entrations for all tests in aqueous solution were determined by the Bradford assay
22] with bovine serum albumin (BSA) as standard.
.2.2. Stability at 30 ◦C
To exclude the possibility that already the incubation at 30 ◦C during enzyme
ctivity assay might affect protein stability, HRP was dissolved in KH2PO4 buffer
50 mM,  pH 6.5) to a concentration of 1 U/ml and incubated at 30 ◦C for up to 8 h.
amples were taken every 15 min  and catalytic activity was  determined. All samples
ere measured in triplicates.
.2.3. pH stability
To check pH stability, HRP was dissolved in different buffer systems to a ﬁnal
oncentration of 1 U/ml, incubated at 30 ◦C for 30 min  and remaining catalytic
ctivity was  measured in the supernatants. The used 50 mM buffer systems were:
itrate-buffer (pK1 = 3.13, pK2 = 4.76) in the pH-range from 2.5 to 5.5, carbonate-
uffer (pK  = 6.35) between pH 5.3 and 7.3, phosphate-buffer (pK = 7.2) between pH
.2 and 8.2, Tris-buffer (pK  = 8.06) in the range from pH 7.1 to 9.0 and glycine-buffer
pK  = 9.78) between pH 8.8 and 10.7. All samples were measured in triplicates.
.2.4. Stability of HRP in the presence of concentrated intermediate bulk
omponents
To  identify the intermediate bulk components which might cause product loss,
 stock solution of HRP was prepared in deionized water (50 U/ml) and mixed with
queous stock solutions of the different components to be tested (Table 2) to a ﬁnal
oncentration of 1 U/ml. The concentration of the stock solution was limited by the8.8a pH value
a pH was  set with KOH [10 M]  or HCl [10 M].
solubility of the respective substance and all solutions were set to pH 6.5 with either
HCl [10 M] or KOH [10 M],  whereby the risk of small inﬂuences caused by the added
ions was  taken into account.
2.2.5. Detailed analysis of deactivating bulk media components
To  minimize any possible deactivating effects of added acid or base, and thus
additional ions, the pH value was only set to values between pH 4.0 and 9.0 for
salt  solutions, which exhibited a value outside this range after complete dissolution.
Between pH 4.0 and 9.0 HRP had been determined to be stable and active, exhibiting
more than 90% relative activity (Supplementary Fig. S1). In Table 3 the different salts,
the concentrations and the pH values of the respective stock solutions as well as
the  analysis goals are given. For all stability measurements, HRP was added to the
different stock solutions to a ﬁnal concentration of 1 U/ml and incubated at 30 ◦C
in  a water bath for 30 min. The remaining enzymatic activity was compared to a
standard (i.e. 1 U/ml HRP in 50 mM KH2PO4, pH 6.5). All samples were measured in
triplicates.
2.3. Freezing study
2.3.1. Packaging and freezing procedure
We  investigated the freezing process in plastic bottles, which is a common
procedure in scientiﬁc institutions and small enterprises due to ﬂexibility and
cost efﬁciency. High density polyethylene (HDPE) and glycol-modiﬁed polyethyl-
ene terephthalate (PETG) are widely used bottle materials, the latter having high
impact strength at low temperatures and being well-studied with respect to chem-
ical  resistance [2,23]. In this study, cylindrical polycarbonate containers (Nalgene,
VWR, 216-8207), which allow the removal of the frozen product by ice core drilling,
were used. Polycarbonate was  chosen due to its outstanding temperature stabil-
ity. The thermal properties are identical to those of PETG (Supplementary Table
S1),  allowing direct comparison. The typical size in bottle freezing is between 0.5
and  2.0 L. In this study, a bottle size of 1 L was  chosen. To prevent damage due to
freezing-dependent volume increase, the ﬁlling level is usually set to only 80% of
the total container capacity. Therefore, cylindrical containers with a diameter of
120  mm,  a height of 145 mm and a total capacity of 1 L were used and ﬁlled with
800  ml  intermediate bulk. For freezing we  used a computer-controlled, liquid N2-
operated lab-freezer with active cold gas circulation. Up to four containers were
frozen simultaneously at a process temperature of −30 ◦C.
2.3.2. Concentration of components in the frozen intermediate bulk
After freezing, containers with frozen intermediate bulk were taken from the
freezer and stored at −30 ◦C. To analyse local concentrations of intermediate bulk
components, the containers were pre-tempered at −10 ◦C for 1 h to prevent crack
formation during sampling. Subsequently, samples were taken with a 22 mm  ice
core drill. Three ice cores where extracted from every freezing container at differ-
ent radial positions (Fig. 1A). The ﬁrst core was  taken adjacent to the container
wall, the second at the half radial distance (hrd) with a tangential offset of approx.
25 mm and the third at the centre of the freezing container. After extraction, each
ice core was vertically divided into 5 cylindrical blocks of equal length, resulting
in 15 individual samples with a volume of approx. 3.2 cm3 (Fig. 1B). Samples were
transferred into plastic tubes and defrosted at a deﬁned temperature of 20 ◦C and
radial shaking at 50 rpm. Subsequently, ionic concentrations of calcium, magnesium,
potassium, phosphate (as phosphor) and sulphate (as sulphur) were measured by
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rig. 1. Sample preparation for the determination of concentration distribution in the
rozen intermediate bulk. (A) Schematic top view of the freezing container showing
he radial positions of ice core extraction; (B) vertical division of ice core samples.
nducted coupled plasma optical emission spectroscopy (ICP-OES). Chloride concen-
ration was  measured by ion chromatography and Tris by quantitative HPLC. HRP
oncentration was analysed photometrically at a wavelength of 403 nm,  which is
he absorbance maximum of the heme-group, because protein concentration was
elow the detection limit of the Bradford assay. Enzymatic activity was  measured
s  speciﬁed above.
.3.3. pH stability of the buffer system
To monitor pH shifts in the intermediate bulk during freezing, a preliminary
xamination was done using a simpliﬁed medium. All substances without signiﬁ-
ant contribution to the pH were omitted leaving only phosphate and Tris/HCl. To
how the dependency between pH-stability and buffer concentration, 3 different
oncentrations of Tris/HCl, namely 0.1 M, 0.5 M and 1.0 M,  were analysed. We pre-
ared the respective Tris solutions, before phosphoric acid was  added to obtain a
hosphate concentration of 1.57 × 10–2 mol/l (see also Table 1) and then pH was
djusted to 7.0 by addition of HCl. These solutions were frozen as described above
ith the exception of a lower freezing temperature of −25 ◦C which was  chosen for
 more gentle treatment of the measuring system. The pH was  monitored during
he  whole freezing process using a low temperature pH-electrode (InLab Cool, Met-
ler Toledo) with an added thermocouple for correction of temperature dependent
haracteristics of the measuring system. The pH electrode was placed in the centre
f  the freezing container. All measurements were done in duplicates.
.3.4. Spatiotemporal pH distribution in the intermediate bulk during freezing
We  monitored the spatiotemporal pH distribution in the intermediate bulk dur-
ng freezing at −30 ◦C at three different positions in the freezing container (Fig. 2):
n  the centre of the freezing container at 50% ﬁlling height, at the hrd at 60% ﬁlling
eight, and near the container wall at 70% ﬁlling height. All measurements were
one in triplicates. To prevent unwanted thermal inﬂuences, the pH electrode and
lectrode wire were double-insulated.
. Results and discussion
Scientiﬁc literature proposes several factors which potentially
amage proteins in aqueous solutions during freezing. One of these
actors is “cold denaturation” which describes a direct impact of
ow temperatures on the protein [24,25]. Lowering the temper-
ture means a decrease of intrinsic energy which in turn lowers
ydrophobic interactions leading to structural protein alterations.
owever, this effect is very weak and was found to be completely
eversible [24,25]. Another factor which can cause product loss is
nown as “concentration effects” [24–27]. Concentration effects
re caused by different solidiﬁcation characteristics of solvent and
olutes. In aqueous buffers, water freezes ﬁrst, while salts are con-
entrated to their individual solubility limits. These spatiotemporal
oncentration shifts cause changes in electrostatic and hydropho-
ic forces which irreversibly damage protein structures. Another
arameter that is linked to concentration shifts, and therefore must
e considered, is the pH value which directly inﬂuences protein
tability.
In the present study, we analysed the effect of concentration and
H shifts in an intermediate bulk containing a biopharmaceutically
elevant protein during freezing. The solvent in the intermediateFig. 2. Vertical and radial diaphragm positions of the pH electrode in relation to the
corresponding sample positions for the analysis of bulk component concentrations.
bulk was water and the solutes were the product HRP, Tris/HCl
buffer salts as well as residuals from the cultivation broth (Table 1).
3.1. Characterization of HRP in aqueous solution
3.1.1. Stability at 30 ◦C and pH stability
To exclude effects on product stability caused by the activity
assay itself, stability of HRP at 30 ◦C was analysed. HRP was com-
pletely stable for more than 4 h. Only at the end of incubation a
slight reduction of the relative catalytic activity to around 85% was
observed (Supplementary Table S2). Thus, HRP stability was high
enough to choose an incubation time of 30 min  for all subsequent
aqueous stability studies at 30 ◦C without running the risk of deac-
tivating HRP only due to the incubation procedure itself. We  also
tested the stability of HRP between pH 2.5 and 10.7. Buffer con-
centrations were chosen with only 0.05 M to minimize the risk of
a direct inﬂuence of buffer ions on protein stability. As shown in
Supplementary Fig. S1, HRP showed high stability between pH 4.0
and 9.0. Only at lower and higher pH values, a signiﬁcant reduction
of enzymatic activity was  observed.
3.1.2. Stability of HRP in the presence of concentrated
intermediate bulk components
Not all components in the intermediate bulk may  harm the prod-
uct during freezing. Hence, we identiﬁed bulk components which
were potentially harmful for HRP in a fast screening approach.
Therefore, HRP stability was  tested at the maximum soluble con-
centrations of all bulk components. Tris and salts containing the
ions potassium, calcium, chloride, sulphate and phosphate were
dissolved in water to their solubility limit (Table 2). pH was set to
6.5, where HRP was found to be stable (Supplementary Fig. S1), and
HRP was incubated in these salt solutions at 30 ◦C for 30 min  before
remaining catalytic activity was  measured. HRP did not show any
reduction in catalytic activity in the presence of either MgSO4·7H2O
[2.5 M]  or K2SO4 [1.67 M].  Hence, we  concluded that HRP was  sta-
ble in the presence of high concentrations of the intermediate bulk
components potassium (up to 3.33 M),  magnesium (up to 2.5 M)
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a
e
l
m
a
w
t
3
3
b
c
p
F
t
s
t
c
a
t
m
t
c
e
F
w
o6 H. Reinsch et al. / Enzyme and M
nd sulphate (up to 2.5 M).  However, when incubated in the pres-
nce of Tris [3.3 M]  only around 8% relative catalytic activity were
eft, and in the presence of either CaCl2 [5.0 M]  or KH2PO4 [1.6 M]  no
ore catalytic activity was determined. This means, that Tris as well
s calcium, chloride and phosphate could potentially cause HRP loss
hen they are concentrated during freezing. Thus, we focused on
hese bulk components in the subsequent freezing study.
.2. Freezing study
.2.1. Concentration of components in the frozen intermediate
ulk
We analysed the effect of freezing in 1 L bottles at −30 ◦C on the
oncentration of the bulk components Tris, calcium, chloride and
hosphate and potential deactivating effects on the product HRP.
ig. 3 shows the concentration distribution of these components for
he cross-section of the frozen medium cylinders. All diagrams are
caled between the minimum (green) and maximum concentra-
ion (red) locally found in the frozen bulk and centred to the initial
oncentration (yellow) before freezing. Despite small deviations,
ll components showed the same distribution proﬁle. Horizon-
ally, the lowest concentration was found near the walls while the
aximum was found in the centre of the freezing container. Ver-
ically, however, maximum concentrations were not found in the
entre but shifted towards the bottom. This basic pattern can be
xplained by an overlay of different redistribution processes. In
ig. 3. Concentration distribution shown for the cross-sections of the cylindrical freezing c
ere  smoothed on the basis of 25 single values each. (For interpretation of the reference
f  this article.)al Technology 71 (2015) 13–19
general, freezing is based on thermal conduction driven by heat
transfer through the container walls causing a transient tempera-
ture gradient. This results in dendritic ice growth from the container
walls to the centre. Progressing solidiﬁcation of water leads to an
increasing concentration of all bulk components that ideally should
cause a symmetrical concentration increase between the walls and
the centre. The downshift of the concentration maximum towards
the bottom, which we observed here, may  be explained by a simul-
taneous detachment of small branches from growing ice dendrites.
Due to their lower density, detached branches of aqueous ice move
upwards, displacing the concentrated bulk medium towards the
bottom [28]. Both processes overlay and lead to the typical con-
centration redistribution scheme found here (Fig. 3). Only slight
differences were found between the distribution proﬁles for cal-
cium, phosphate and Tris. Chloride, however, showed a stronger
accumulation in the lower part of the container.
For all components, the lowest and highest local concentra-
tions were compared to the respective initial concentration in the
intermediate bulk. After freezing, concentrations of only 40%, but
also as high as 250% of the initial concentrations were measured
(Supplementary Table S3). The highest concentration shift was
found for chloride, while calcium showed the smallest difference
between minimum and maximum concentrations, followed by Tris
and phosphate. These ﬁndings nicely demonstrate that signiﬁcant
concentration effects happen during freezing. These concentration
effects might affect product stability, even if no component in the
ontainer of (A) calcium; (B) phosphate; (C) Tris; (D) chloride. Distribution functions
s to colour in text near the ﬁgure citation, the reader is referred to the web version
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explained by the dissociation equilibrium for Tris/HCl and phos-
phoric acid. Below pH 7.0 the low buffer capacity of 0.1 M Tris/HCl
was increasingly depleted, while phosphate with a pK2 of 7.21ig. 4. Distribution of residual HRP activity in the cross-section of the cylindrical
reezing container after freezing. Distribution function was smoothed on the basis
f  25 single values each.
ntermediate bulk is harmful at its initial concentration. Moreover,
t is shown that every bulk component undergoes a speciﬁc con-
entration shift during freezing. This behaviour can be explained
y different entrapment rates of dissolved bulk components in the
rowing ice structure which is determined by speciﬁc solubility
nd solidiﬁcation behaviour. Consequently, different concentration
atios are found at each position in the freezing container.
To analyse if the product meets deactivating conditions during
reezing and where these conditions might be more pronounced,
e measured remaining HRP activity after freezing in the cross-
ection of the frozen intermediate bulk (Fig. 4). While concentration
axima of bulk components were found in the central bottom
egion (Fig. 3), maximum product loss was shifted upwards to the
alf height between the bottom and the centre (Fig. 4). This already
ndicated that product loss was not only caused by high concentra-
ions of bulk components, but that a synergistic effect must have
aused enzyme inactivation. Thus, we also analysed local changes
f the pH value during freezing.
.2.2. pH stability of the buffer system and the intermediate bulk
uring freezing
Tris is a common buffer for enzyme processing since it does not
nhibit enzymes at typical concentrations, but rather has stabiliz-
ng effects [29]. Thus, Tris/HCl was chosen for pH stabilization of
he intermediate bulk. However, previous studies have reported
igniﬁcant pH shifts during freezing of Tris which is why we  ana-
ysed potential pH shifts of differently concentrated Tris/HCl buffers
uring freezing. Independent of the molar Tris concentration we
onitored a constant pH increase at a rate of approx. −0.026 pH
nits per degree Celsius during the whole freezing process (Supple-
entary Fig. S2). This might be explained by the strong temperature
ependency of the dissociation constant for Tris which is given
ith −0.028 to −0.03 pH units per K [30]. Below 0 ◦C the pH value
ecreased in a concentration dependent manner before it stabi-
ized (e.g. at −5 ◦C for the 0.1 molar buffer) and increased again
ith progressing solidiﬁcation. In literature, such freezing-related
H changes are described as pH shifts [31–33]. Most authors ascribe
his phenomenon to a precipitation of buffer salts during freezing
nd a subsequent reduction of buffering capacity. This common
xplanation considers the freezing process as a local solidiﬁca-
ion event, in which water starts to solidify below the freezing
oint until solutes reach their solubility limit which is why  buffer
oncentration increases before precipitation. As a consequence,
tabilization of the pH would be expected at the beginning of theal Technology 71 (2015) 13–19 17
freezing process and no pH decrease should happen above the
eutectic temperature, which is −5.3 ◦C for Tris [33]. However, pH in
the 0.1 M Tris/HCl buffer already decreased at a higher temperature
than −5.3 ◦C (Supplementary Fig. S2). To explain this phenomenon,
we have to consider the freezing process as a spatially progressing
event rather than a local solidiﬁcation event. Below 0 ◦C, formation
of ice starts at the walls of the freezing container before it slowly
grows towards the centre. In fact, it takes about 2 h until ice forma-
tion starts there. During this whole time, pH constantly decreases
in the ﬂuid bulk medium. This clearly indicates that the pH shift is
caused by a constant alteration of the ion concentration ratios in
the residual ﬂuid during freezing: due to better solubility, chloride
is concentrated to a larger extent than Tris causing the observed pH
shift. For 0.1 M Tris/HCl, pH stabilized just at the moment when the
temperature drop indicated local solidiﬁcation. After stabilization,
we expected another pH drop caused by an unequal precipita-
tion of buffer components, before pH was  supposed to increase
again. However, for 0.1 M Tris/HCl the second pH drop was not
detected (Supplementary Fig. S2), because it was overlaid by the
strong temperature-dependent pH increase of Tris. However, upon
phosphate addition the expected freezing behaviour was clearly
seen (Supplementary Fig. S3). Although the ﬁnal pH value at the
end of the solidiﬁcation process was  the same for 0.1 M, 0.5 M and
1.0 M Tris/HCl, we  experienced a more pronounced pH shift with
the 0.1 M Tris/HCl buffer system. This underlines the importance of
the ionic strength of the buffer used in freezing processes.
However, after diaﬁltration, the intermediate bulk does not only
contain Tris but also a serious amount of residual phosphate (see
also Table 1). To simulate the higher complexity of the intermedi-
ate bulk, we  added phosphate to a ﬁnal concentration of 15.7 mM
to the different Tris/HCl buffers and repeated the freezing exper-
iment (Supplementary Fig. S3). For 0.5 M and 1.0 M Tris/HCl plus
phosphate, the pH alteration during freezing was  almost simi-
lar to that of the Tris/HCl buffer. However, for the 0.1 M Tris/HCl
buffer system the pH shift changed signiﬁcantly upon phosphate
addition (compare Supplementary Figs. S2 and S3). Not only the
rate of pH increase was signiﬁcantly lower, but also the pH-shift
below 0 ◦C was much more pronounced. As mentioned above, we
found an intermediate pH stabilization followed by a second pH
decrease, but no subsequent pH increase happened at the end of
the solidiﬁcation process. This different freezing behaviour can beFig. 5. Spatiotemporal measurements of pH shifts during intermediate bulk freez-
ing.  pH was  recorded at three different positions in the freezing container: in the
centre of the freezing container (centre), at the upper container wall (wall) and in
the horizontal and vertical middle of these positions (hrd = half radial distance).
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howed equilibrium reaction. So, with decreasing pH the negative
emperature shift of the pK of the Tris/HCl buffer lost inﬂuence
hile the curve slope got increasingly dominated by the pK2 of
hosphoric acid, which shows no temperature dependency [34].
onsequently, compared to the 0.1 M Tris/HCl buffer system, 0.1 M
ris/HCl plus phosphate showed poor pH stability during freezing.
o illustrate this signiﬁcant difference better, the pH shifts for 0.1 M
ris/HCl and 0.1 M Tris/HCl plus 15.7 mM phosphate in the centre
f the freezing container over time are compared in Supplementary
ig. S4.
.2.3. Spatiotemporal pH distribution in the intermediate bulk
uring freezing
Monitoring pH during freezing of either 0.1 M Tris/HCl or a sim-
liﬁed bulk medium showed a pH-shift in the centre of the freezing
ontainer which was related to a signiﬁcant concentration shift of
hloride. In the frozen bulk we found different concentration ratios
n the freezing container which probably resulted from speciﬁc
ntrapment rates for dissolved bulk components during ice forma-
ion (Fig. 3). Thus, we assumed also different pH values at different
ositions in the freezing container. To prove this presumption the
H value was measured at three different positions between the
ymmetrical centre and the upper wall of the freezing container
centre, hrd, wall; Fig. 2) during freezing. The respective pH shifts
t the different positions during freezing are shown in Fig. 5. During
ooling to the freezing point, identical curve slopes were found at
ll measuring positions. However, with beginning of solidiﬁcation
e observed signiﬁcant differences in the strength and the kinetics
f pH alteration (Fig. 5). In the centre we found pH shifts identi-
al to 0.1 M Tris/HCl plus phosphate. At half radial distance (hrd)
etween the centre and the wall we observed a similar pH shift
nly not as pronounced, which is why the ﬁnal pH at this location
as signiﬁcantly higher. However, at the upper container wall a
ifferent curve shape was observed. Although pH also decreased
elow 0 ◦C, a subsequent stabilization and another pH drop did not
appen. This deviation can be explained by different process kinet-
cs at the wall. As discussed before, freezing has to be considered
s a two-step process. In the ﬁrst step, ice formation in the outer
rea of the container shifts the pH of the ﬂuid medium. The second
tep is characterized by local ice formation, which causes a tem-
orary pH stabilization that is followed by another pH shift due
o precipitation of buffer salts. At the container wall, however, the
ulk medium is in direct contact with the surrounding cold gas
nd local ice formation starts immediately. Hence, the ﬁrst step of
he two-step freezing process does not happen but only a single
H shift which is more pronounced due to the reduced buffering
apacity. Summarizing, it is obvious that the pH value undergoes a
omplex redistribution process during freezing resulting in distinct
ocal minima and maxima.of different concentrations of either (A) phosphate, or (B) Tris.
3.2.4. Synergistic effects on product stability
To evaluate synergistic effects of ion concentrations and pH on
product stability, we analysed HRP inactivation in different buffers
at different pH values. At ﬁrst, the intermediate bulk components
with the strongest inﬂuence on the product were identiﬁed by
comparative measurements of HRP activity in the presence of ris-
ing concentrations of Tris, CaCl2 and KH2PO4 at pH 6.5 (data not
shown). Tris and phosphate were identiﬁed as the primary cause
for inactivation. Subsequently, HRP inactivation was  investigated
in the presence of these two components in a concentration range
which was found in the frozen intermediate bulk at different pH
values, depicting the pH values found in the buffer freezing exper-
iments. As shown in Fig. 6, there were in fact synergistic effects
of ion concentration and pH causing product loss. Apparently, HRP
was more stable against higher ion concentrations at acidic than at
alkaline pH values. This was  nicely demonstrated by the inactiva-
tion experiments in Tris, as Tris caused no HRP activation at pH 6.5
even for the maximum concentration that was found in the frozen
bulk, but approx. 45% product loss at pH 8.0 and even 60% product
loss at pH 8.8. From this point of view, Tris does not seem to be
a suitable storage buffer for HRP, even if it is an excellent storage
buffer for other proteins and is thus often used [29].
The synergistic effect of ion concentration and pH was not only
evident in simple buffer systems (Fig. 6), but also in the frozen inter-
mediate bulk as the concentration distribution of protein damaging
ions and the distribution of product loss showed different patterns.
With respect to local ion concentrations in the container, product
loss at the half radial distance (hrd) was much more pronounced
compared to the centre of the freezing container or the wall posi-
tion. This can be ascribed to pH effects, as pH was acidic at the wall
and centre position, but signiﬁcantly higher at hrd.
4. Conclusions
The main goal of the present study was to obtain basic under-
standing of protein degradation during an intermediate bulk
freezing process. Summarizing, this study shows that freezing of a
buffered intermediate bulk describes a very complex process where
product loss is caused by a synergistic effect of ion redistribution
and pH changes. Media components and buffer salts experience
great concentration during freezing up to levels which harm the
product, even if their concentrations in the unfrozen bulk are harm-
less. Due to concentration effects, also pH in the freezing bulk
changes. Even if pH minima and maxima per se do not harm the
product, the changed pH might intensify the damaging effect of
the concentrated ions. Thus, product loss during freezing is caused
by a complex synergistic effect of local ion concentrations and pH
values. Unfortunately, both parameters are caused by a cascade of
interacting physical processes and do not show the same redistribu-
tion pattern, which makes it impossible to predict the total product
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